The theoretical ferroelectric polarization of the low-temperature (monoclinic, P2 1 ) phase and the hightemperature (hexagonal, P6 3 ) phase of hydroxyapatite Ca 10 (PO 4 ) 6 (OH) 2 is calculated based on the density functional theory (DFT). In the monoclinic structure, the value of ferroelectric polarization is found to be 9.87 mC cm À2 along the [001] direction. In the hexagonal structure, the ferroelectric polarization is 7.05 mC cm À2 along the [001] direction. The main contribution to the electric polarization comes from ordered hydroxyl OH À anions for both phases, although the inorganic Ca 5 (PO 4 ) 3 apatite framework also gives a non-negligible contribution. A detailed analysis of ferroelectric polarization and structural change of the hydroxyapatite is presented for a better understanding of this important biomaterial.
Introduction
Hydroxyapatite (HAp) Ca 10 (PO 4 ) 6 (OH) 2 , the main constituent of human bone 1 and teeth enamel, 2 has been the subject of a considerable number of both experimental and theoretical studies. HAp's applications span from dental to orthopedic implants, including bone tissue engineering scaffolds, coatings, llers and many others. 22 Pasteris et al. 25 used laser Raman microprobe microscopy to study the degree of hydroxylation and the state of atomic order of several natural and synthetic calcium phosphates including apatite of biological, geological and synthetic origins. However, a weak OH-band occurs in dentin whereas a strong OH-band was suggested in tooth enamel. 25 In addition, recent studies have also shown that HAp particles inhibit the growth of many kinds of cancer cells. 13 Perhaps as important as water for nature, HAp has also been chosen as one of the key ingredients of the molecular machinery of vertebrate life. 16 Although being one of the prevalently studied biomaterials for orthopedic, dental, protein purication and stem cell applications, there is less research done on the electrical properties of hydroxyapatite. 19 Since the prediction of the possibility of piezo-and pyro-electricity in hydroxyapatite, several experimental and theoretical reports have led to the new level of understanding the electrical behaviors of calcied tissues in vertebrates.
19 Both bone and dentine show interesting electrical properties foremost of which is piezoelectricity, i.e. the possibility of generating electrical charge at the surface when it is subjected to a stress. 26 This surface charge induced by pressure has been considered to be connected with the generation of the bone functional shape in accordance with the Wolff's law. 27 Bone also possesses a spontaneous dipolar electrical polarization due to its pyroelectric property, 28 which could have functional distribution and physiological effects. Also, the ability to create discrete electrostatic domains on nanocrystalline lms of hydroxyapatite will open the possibility of understanding how surface charge inu-ences biological interactions. Kumar et al. presented some results of in vivo experiments in the literature. 29 Positive and negative polarization of HAp plates implanted in calvarial bones of rats resulted in an enhanced osteoblast activity. Also, protein adsorption onto the HAp surface implanted in canine femora and rat tibiae, respectively, resulting in improved osteoconduction on both positively and negatively polarized HAp surfaces in vivo was reported. Though there is evidence that the polarized surface can affect the biological response, further researches are needed to understand the in vivo behaviors of charged HAp surfaces.
The two principal crystalline components of bone are the mineral HAp and the protein collagen, both of which may present piezoelectricity. 16 In the case of HAp, piezoelectricity is due to the polarization of OH À groups conned to the channel formed by the overlapping hexagonal calcium atoms. According to Rietveld analysis carried out on the synthetic sample, HAp has been found to be predominantly hexagonal at room temperature, 7 but the diffraction pattern of this material might be interpreted as a mixed phase: 23% monoclinic P2 1 /b and 77% monoclinic P2 12 demonstrated that hydroxyapatite exhibits ferroelectricity by using piezoresponse force microscopy. Recently it was shown that polarized HAp (with an electrically charged surface) is more active, which is more attractive for interactions with living cells, attaching more living cells (osteoblasts) on its surface. 10, 12, 17 Such effect is signicant for medical applications, particularly for implant coatings. Therefore, a more detailed theoretical study about the ferroelectric (FE) polarization is mandatory. To the best of our knowledge, the theoretical analysis of ferroelectricity from rst principles is missing in the literature.
In the present paper, we report on the density functional theory (DFT) study of monoclinic hydroxyapatite and its hexagonal phase. Our calculation allows the direct computation of the ferroelectric polarization of HAp, an important information otherwise difficult to access from experimental data.
The paper is organized as follows. First, we give a brief account of the computational details. Then, we discuss our results by considering two structures, namely the lowtemperature (monoclinic, P2 1 ) and the high-temperature (hexagonal, P6 3 ) phases, and their calculated ferroelectric polarization. The total ferroelectric polarization is further decomposed into the hydroxyl and calcium apatite contributions.
Computational methods
All investigations were performed using density functional theory 31 as implemented in the Vienna ab-initio Simulation Package (VASP). 32, 33 Kohn-Sham equations were solved using the projector-augmented-wave (PAW) method with the PBEsol exchange-correlation functional. 34 The energy cutoff for the plane waves expansion was set to 600 eV, 4 Â 2 Â 6 and 4 Â 4 Â 6 Monkhorst-Pack grids of k points were used for the monoclinic (P2 1 /b or P2 1 ) and hexagonal (P6 3 /m or P6 3 ) structures respectively. The convergence in total energy and HellmannFeynman forces were set to 1 meV and 0.01 eVÅ À1 , respectively.
For all structures, we have chosen the experimentally determined lattice constant parameters and performed relaxation of internal atomic positions. The ferroelectric polarization is dened as DP ¼ P FE À P PE ¼ DP ion + DP el , where DP ion is the sum of the products of the deviations in the position of each ion in the unit cell (with respect to the centric reference phase) with the nominal charge of its rigid core; the electronic contribution DP el has been calculated by using the Berry phase approach 35, 36 which correctly accounts for quantum-electronic effects. Graphical rendering of the crystal structures was performed using VESTA.
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Results
The HAp unit cell lattice parameters are xed at experimental values 38 a ¼ b ¼ 9.423Å and c ¼ 6.883Å for the hightemperature (hexagonal, P6 3 /m) phase, and a ¼ 9.426Å, b ¼ 18.856Å and c ¼ 6.887Å for the low-temperature (monoclinic, P2 1 /b) phase as shown in Table 1 and Fig. 1 . The hexagonal HAp phase consists of 44 atoms in the unit cell, while the monoclinic HAp structure has 88 atoms because the unit cell is doubled along the b axis. For the lowtemperature (monoclinic, P2 1 ) and the high-temperature Fig. 4 . Fig. 1 Crystal structures of the low-temperature monoclinic P2 1 phase (a) and (b), and the high-temperature hexagonal P6 3 phase (c) and (d) hydroxyapatite Ca 10 (PO 4 ) 6 (OH) 2 . Fig. 2 Schematic representation of the OH À electric dipole evolution from the paraelectric to ferroelectric configuration. 
Discussion
The hydroxyapatite structure consists of a pseudo-hexagonal network of apatite's tetrahedra with Ca 2+ ions in the interstitial sites and columns of anions oriented along the c axis. Based on previous renements of diffraction data, two phases have been suggested: a disordered hexagonal structure with P6 3 /m symmetry and a monoclinic structure with P2 1 /b symmetry. The monoclinic unit cell is derived from two hexagonal unit cells with the b axis parameter being twice that of the hexagonal value and involves an ordered arrangement of the anion columns. 7 It has been proposed that the monoclinic phase is associated with stoichiometric apatites.
In order to study the ferroelectric order, we consider a paraelectric (centric) structure in terms of which one can present the polar crystal structure as due to symmetry-lowering structural distortion from the high symmetry centric group. It is useful to introduce a parameter l which is the normalized amplitude of the distortion connecting the centric to the polar structure: l ¼ 1 represents the compound in the P6 3 The origin of the different polarization values of these two structures can be understood. We note that the difference of the polarization value of the two polar structures is not too large, for the P6 3 and P2 1 structures. From calculated polarization of H and Ap components for the two structures, we found that the Ap contributes to the polarization difference more than the H part, even though Ap has only a small contribution to the total polarization.
The main mechanism for the transformation of P6 3 into P2 1 is that the [PO 4 ] 3À tetrahedron structure of Ap has a rotation of about 5 in monoclinic phase. 7 The difference of H is mainly due to the variation of bond length between oxygen and hydrogen, the bond length of OH À is 1.05359Å in P6 3 and
1.01883Å in P2 1 , which results in different polarization values. For P6 3 , the polarization of H should be larger than that of P2 1 , but the polarization of Ap is opposite in sign, therefore the total polarization of P6 3 is smaller than that of P2 1 .
Conclusions
We have analyzed the ferroelectric polarization of the lowtemperature (monoclinic, P2 1 ) phase and the high-temperature (hexagonal, P6 3 ) phase of hydroxyapatites, on the basis of density functional theory calculations and the modern theory of ferroelectric polarization. We decomposed the total dipole moment contributions into hydroxyl groups and calcium phosphate apatite framework. The major polarization is from ordered hydroxyl anions for both phases. However, the inorganic [Ca 5 (PO 4 ) 3 ] + may have a sign change for polarization between these two polar structures. Detailed analysis of ferroelectric polarization and structural change of the HAp is provided. Our DFT results are useful for the better understanding of this important biomaterial in many actual and prospective applications. 
